Delayed ettringite formation (DEF) is known as the deterioration phenomenon that occurs in mortar or concrete cured at high temperature. It has been proposed that DEF expansion is affected by calcium-silicate-hydrates (C-S-H), although the mechanism has not yet been clarified. The present study experimentally examined the relationship between the expansion characteristics of heat-cured mortar specimens used cement, anhydrite and supplementary cementitious materials (SCMs) during water curing and the origins of ettringite formation. The proportional change in length and the phase compositions of the heat-cured specimens were acquired. The respective amounts of ettringite generated from cement and SCMs were determined. The expansion of the mortar specimens using cement, anhydrite, silica fume and fly ash occurred continuously during water curing, while the continuous expansion did not occur in the mortar specimens using cement, anhydrite and blast furnace slag. These expansion characteristics could not be explained solely by the change in the amounts of ettringite. There was a certain correlation between the amount of ettringite generated from cement and the expansion characteristics of the specimens. It is one of the evident that origins of ettringite formation or coexisting materials such as C-S-H phase can affect expansion characteristics due to DEF.
Introduction
Expansion and cracking in hardened cement paste or concrete are recognized as a problem for many engineers and researchers. It has started with the problems of expansion and cracking due to alkali silica reaction (ASR) discovered in California, USA in 1940 (Kawamura 1986 ). In recent years, the expansion and the deterioration due to sulfates such as Na 2 SO 4 , CaSO 4 and MgSO 4 in the soil have attracted increasing attention, and various researches and countermeasures have been carried out (Yoshida and Yamada 2005; Lee et al. 2010; Yoshida 2011) . According to the previous researches aimed at clarifying the mechanism of sulfate attack, the relationship between the expansion characteristics and ettringite which is one of the calcium aluminate hydrates is a good correlation (Odler and Subauste 1999; Collepardi 2003) . Ettringite is a hydration product formed by reacting C 3 A, C 4 AF, supplementary cementitious materials (SCMs) containing Al and monosulfate with sulfate ions. Because ettringite has a needle-like crystal morphology and the crystallization pressure of ettringite is relatively high, ettringite leads the expansion of hardened cement paste (Uchikawa et al. 1984; Ogawa and Roy 1982) .
The expansion and deterioration due to internal sulfates such as gypsum, which is added to cement, is termed internal sulfate attack (ISA), and the classical sulfate attack by external sulfates such as in the soil is termed external sulfate attack (ESA). Both ISA and ESA are collectively referred to as delayed ettringite formation (DEF), and the researches on deterioration and mechanism due to DEF has been actively conducted (Hirao 2006) .
In general, DEF is commonly known as the expansion and the deterioration of concrete by internal sulfates (Hirao 2006) . Strictly speaking, DEF is defined as the deterioration phenomenon that occurs in mortar or concrete cured at high temperature above approximately 70°C. It means the phenomenon by which ettringite decomposed during high temperature curing is regenerated after hardening and the mortar or concrete expands, the rigidity of the hardened body decreases subsequently (Yoshida 2011) . Ettringite produced during the hydration reaction of cement is decomposed during high temperature curing to release sulfate ions, after which the sulfate ions released from ettringite are adsorbed to calcium-silicate-hydrate (C-S-H) phase. The sulfate ions adsorbed to C-S-H phase are desorbed after high temperature curing, ettringite is subsequently re-formed to cause expansion (Hirao 2006; LCPC 2009; Taylor et al. 2001) . However, why delayed ettringite can continue its own crystal growth in very narrow space and why it causes expansion and cracks is not clear, while other hydrates such as C-S-H cannot continue in such a case (Saito et al. 2005) . The authors consider that this question has been making it difficult to understand DEF.
Two major theories have been proposed about the expansion mechanism by DEF. Heintz and Ludwig (1986) or Collepardi (2001) studied the mechanism associated with the expansion of cement paste due to DEF, and proposed that this occurs due to the crystal growth pressure imparted by ettringite locally re-formed around the aggregates. Conversely, other researchers proposed an expansion mechanism in which the cement paste expands uniformly due to DEF (Scrivener and Taylor 1993; Odler and Subauste 1999; Famy 1999) . The former is known as the crystal growth pressure theory, while the latter is termed the paste expansion theory (swelling theory). Thus, the nature of ettringite and the place where ettringite is re-formed may be related to expansion by DEF.
In association with the paste expansion theory, it is believed that the expansion by ettringite is closely related to the presence of C-S-H phase, in which sulfate ions are adsorbed (Hirao 2006; Taylor et al. 2001) . Observations using microscopy have shown that the C-S-H phase can be classified as inner or outer C-S-H (Goto et al. 1976) . Inner C-S-H refers to material that grows within the boundaries of the clinker grains, occupying the regions associated with anhydrous phases. In contrast, outer C-S-H forms outside the clinker grain boundaries in the water-filled space. In general, inner C-S-H has a more compact and amorphous structure, while outer C-S-H has been found to form bundles of fibers radiating from the cement grains (Taylor 1997) . Taylor et al. (2001) suggested that ettringite may have a greater degree of expandability when it is formed in the outer C-S-H near the boundary between two C-S-H phases than when it is formed in the outer C-S-H far from the boundary.
In general, C-S-H (including C-A-H in a broad sense) is formed around each cement or SCM particle and C-S-H having a high CaO/SiO 2 molar ratio (C/S ratio) is generated by hydration of cement minerals, while C-S-H having a low C/S ratio is generated by hydration of SCMs (Fukaya and Tsuyuki 2003) . C/S ratio, which is the chemical composition of the C-S-H, varies depending on the type of cement mineral or SCMs, and the density of C-S-H increases as the C/S ratio increases (Suda et al. 2010) . These results imply that the densities of C-S-H, which is present around ettringite, are different between in the case of using cement or SCMs. These results suggest a possibility that the expandability of ettringite generated from cement is different from that of ettringite generated from SCMs. In other words, the expandability of ettringite may depend on the origin of ettringite formation.
The goal of the present study was to examine experimentally the effects of the C-S-H phase around ettringite on the expansion characteristics of heat-cured mortar specimens. Gypsum is also re-formed by reacting sulfate ions with calcium hydroxide or C-S-H, following which expansion of the cement paste can occur (Santhanam et al. 2003) . Thus, this study investigated the relationship between expansion characteristics of heat-cured mortars and the hydration products such as ettringite or gypsum. Mortar specimens using ordinary Portland cement, SCMs and anhydrite were prepared, following which the mortar specimens were cured at high temperature (max 90°C) and stored in water at 20°C. After confirming that the proportional length change of the heat-cured mortar specimens during water curing is not due to the products other than ettringite, the effects of ettringite generated from cement or SCMs on the length change of the specimens were investigated.
Experimental

Materials
In the present study, mortar specimens were prepared to evaluate the expansion characteristics, and paste specimens were also prepared to determine hydration products, respectively. Ordinary Portland cement (OPC), blast furnace slag (BFS), fly ash (FA), silica fume (SF), limestone powder (LSP) and anhydrite (AH) were used as the materials of the specimens. The chemical compositions and Blaine specific surface area of these materials are shown in Table 1 and the mineral compositions of OPC and FA, which was measured by XRD/Rietveld analysis, are provided in Table 2 . The amorphous phase of FA was defined as a glass phase. A detailed calculation method of the amorphous phase determined using XRD/Rietveld analysis will be described later.
Preparation of the specimens
The mixing proportions for the specimens are summarized in Table 3 . Because the aim of the study was to investigate the relationship between the amount of ettringite and the expansion characteristics due to DEF, AH Deionized water was used for mixing, and the water to powder mass ratio (W/P) was 0.5. The sand to powder mass ratio of the mortar specimens was 2.75. Mortar and cement pastes were mixed using a mixer at 20°C for 3 minutes. Mortar and cement pastes were mixed every hour from the first mixing to prevent the upper surface of the specimens from becoming porous due to bleeding. When the bleeding was no longer confirmed, each mortar was transferred into a 20 × 20 × 130 mm acrylic mold and each cement paste was transferred into a plastic bottle. The specimens were subsequently pre-cured at 20°C and 100% RH for 24 h.
After the pre-curing at 20°C for 24 h, the specimens were removed from the molds and cured at high temperature. Lawrence (1995a Lawrence ( , 1995b and several other researchers (Heinz and Ludwig 1986; Fu and Beaudoin 1996) have observed DEF expansion in cement pastes, mortars, and concretes cured at 70°C and above. Hanehara et al. (2009) have reported that the higher the curing temperature, the earlier the DEF expansion occurs when the curing is done in the range of 50°C to 90°C. Moreover, Lawrence (1995a Lawrence ( , 1995b reported that an increase in duration of high temperature curing resulted in reduced expansion when the curing is done in the range of 3 h to 10 d. Therefore, relatively high temperature and short time curing may be the most severe condition of DEF expansion. The temperature history from the first mixing to the end of high temperature curing in the present study is provided in Fig. 1 . The curing temperature was increased up to 90°C at a rate of 20°C/h and kept for 8 h, following which the temperature was lowered to 20°C at a rate of 3.5°C/h. Subsequently, two metal chips for measuring the change in length were adhered to each heat-cured mortar specimen. The distance between the two chips was approximately 100 mm. Both mortar and paste specimens were stored in deionized water at a water to solid ratio of 3:1 at 20°C.
Measuring the change in length of the mortar specimens
The change in length of the heat-cured mortar specimens during water curing was measured by a contact gauge. The contact gauge has a measuring length of 100 ± 2.5 mm and a minimum scale of 0.001 mm. A schematic diagram of the measuring method is shown in Fig. 2 . As described in Section 2.2, metal chips were adhered to the mortar specimen. A gauge plug was pressed against a hole in the center of the chip, after which the distance between two chips was measured every two weeks until the water curing for 28 weeks. The proportional length change was determined using the base length, which was measured immediately after the high temperature curing (prior to water curing). Table 3 Mixing proportions of the specimens. 
Analysis
(1) Porosity of mortar specimens Mortar specimens cured for 2 d (before water storage) and 93 d (after water storage) were broken into pieces of about 5 mm to measure porosity. These hydrated samples were saturated by pouring water over them under reduced pressure. After saturation, the surface water removed from saturated samples by wiping. Porosity was calculated from the weight difference between saturated surface-dried samples and those dried at 50°C until the samples mass no longer changed.
(2) Pretreatment and drying condition After each curing period, the paste samples described in Section 2.2 were broken into small pieces and immersed in acetone for 2 d to prevent further hydration. These specimens were subsequently placed under vacuum to remove the acetone and stored in the presence of silica gel for 2 d. The samples were crushed into particles smaller than 90 µm and dried at 20°C and 11% RH using a saturated LiCl solution in a vacuum desiccator until the sample mass no longer changed. To prevent carbonation of the samples during storage, a desiccator contained a quantity of soda lime, which is capable of adsorbing carbon dioxide.
(3) TGA The amount of combined water and calcium hydroxide in the samples dried at 11% RH were measured by thermogravimetric analysis (TGA). TGA data were acquired using a TGA-50 instrument (Shimadzu Corp., Nakagyo, Kyoto, Japan). The amount of combined water was determined by the weight reduction upon heating from 50°C to 1000°C in N 2 atmosphere. To prevent the oxidation of sulfide in BFS, the top temperature investigated for the hydrated samples containing BFS was 900°C and the amount of calcium hydroxide in each sample was determined by the mass loss around 450°C.
(4) XRD Powder X-ray diffraction (XRD) was used for the identification and quantification of unhydrated clinker and hydration products. XRD data were acquired using a XRD-6000 (Shimadzu Corp., Nakagyo, Kyoto, Japan) with Cu-Kα radiation at a tube voltage of 40 kV and tube current of 40 mA, with a step width of 0.02°, scan rate of 2°/min, and 2θ range from 5 to 70°. α-Al 2 O 3 was mixed with each sample at 10 mass% as an internal standard and Rietveld analysis was performed using the Topas 4.2 software package (Bruker AXS Inc., Billerica, Massachusetts, USA). The target substances for Rietveld analysis were alite (C 3 S), belite (β-C 2 S), aluminate phase (cubic-C 3 A and orthorhombic-C 3 A), ferrite phase (C 4 AF), portlandite (Ca (OH) were added, and concerning the samples used LSP, monocarbonate (C 4 A·CO 3 ·H 11 ) was added, respectively. The amount of amorphous phase in each specimen was calculated based on the equation below (Jones et al. 2000) .
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where G is the proportion of the amorphous phase (%), R is the nominal proportion of α-Al 2 O 3 (%) and A is the experimentally determined proportion of α-Al 2 O 3 (%). Previous researches noted that the amount of calcium hydroxide measured by TGA was higher than that measured by XRD using an internal standard. This is because calcium hydroxide contains the amorphous phase (Bentur and Berger 1979; Ramachandran 1979; Escalante-Garcia et al. 1999) . From these studies, the amount of calcium hydroxide in each sample was measured by TGA in this study.
(5) Quantification of the amount of unhydrated BFS The amount of unhydrated BFS was determined by the heat-treated XRD/Rietveld method (Sagawa and Nawa 2006) . The sample dried at 11% RH was heated at 900°C for 30 m to crystallize the amorphous phase of unhydrated BFS. The amount of unhydrated BFS was then measured by the XRD and Rietveld analysis. The target substances for quantification were gehlenite (Ca 2 Al 2 SiO 2 ), akermanite (Ca 2 MgSi 2 O 7 ), merwinite (Ca 3 MgSi 2 O 8 ) and α'-C 2 S. The total amount of gehlenite, akermanite, merwinite and α'-C 2 S was taken as the amount of the unhydrated BFS.
(6) Quantification of the amount of unhydrated FA or SF The amount of unhydrated FA or SF was determined by the selective dissolution method (Ohsawa et al. 1999 ). The sample (1 g) dried at 11% RH was added to a centrifuge tube containing an HCl solution (2N, 30 mL) and was shaken for 15 minutes in a water bath at 60°C. The sample that remained in the HCl solution was separated by centrifugation, and the sample was subsequently washed with a hot water at 60°C. The tube containing the sample, which was not dissolved in the HCl solution, was filled with a Na 2 CO 3 solution (5 mass%, 30 mL) and then shaken for 20 minutes in a water bath at 80°C. The sample remained in the Na 2 CO 3 solution was separated by centrifugation, following which the sample was washed with a hot water at 80°C. The mass of the residue was measured after drying in an oven at 110°C. The reaction ratio of FA or SF was calculated from the amount of the sample used for the selective dissolution method and the amount of the residue. Because the residue of the sample used FA consists of crystalline phases, which is quartz, mullite and magnetite, and a glass phase of the unhydrated FA, the glass phase of the unhydrated FA was determined by subtracting the mass of quartz, mullite and magnetite measured by XRD/Rietveld analysis from the mass of the residue.
(7) Mass balance calculation To evaluate the amount of amorphous hydration products such as C-S-H, the amount of hydration products in each sample was determined by the mass balance calculation in accordance with a previous research (Maruyama and Igarashi 2014) . Based on the amounts of each hydration products, unhydrated clinker and unhydrated SCMs determined by TGA, Rietveld analysis and the selective dissolution method, the amounts of C-S-H, calcium-aluminate-hydrate (C-A-H) and calcium-ferrite-hydrate (C-F-H) and C/S ratio of the C-S-H were calculated. In terms of C-A-H and C-F-H, calculation was made assuming that they were generated as C 4 AH 13 and C 3 FH 6 respectively, regardless of the binder type. The compositions of each hydration product at 11% RH reported by Suda (2013) were used in the present study. Table 4 provides the compositions of each hydration product at 11% RH used for the calculation. Figure 3 shows the proportional length change of the heat-cured mortar specimens comprising cement, AH, SF and FA during water curing. Regarding the specimen A, which was considered to be likely to generate a lot of ettringite and cause expansion in comparison to other specimens prepared in this study, the proportional change in length was increased continuously during water curing. The proportional changes in length of S4, F20 and F20-S4 also increased continuously. Figure 4 presents the proportional change in length of the heat-cured mortar specimens comprising cement, AH, BFS and LSP during water curing. Concerning the specimen with 40% BFS (B40), the proportional change in length was increased slightly during the early stages of water curing; however, continuous expansion was not observed with progress of the age. In addition, the proportional length changes of the specimens with 70% BFS (B70 and B70-L10) were not observed continuously for 28 weeks. Figure 5 shows the porosity of the heat-cured mortar specimens at 2d (before water curing) and 93d (after water curing). Although there was a slight change, no Fig. 3 Proportional change in length of the heat-cured mortar specimens using AH, SF and FA during water curing. Water curing period (weeks) Fig. 4 Proportional change in length of the heat-cured mortar specimens used AH, BFS and LSP during water curing.
Results and discussions
Proportional change in length of the mortar specimens
Porosity of the mortar specimens
significant difference was observed in the porosity of all the mortar samples before and after water curing. When a mortar specimen is cured in water, expansion of the specimen occurs by water absorption. If there is a difference in the porosity of mortars, the difference in expansion due to water absorption is considered to change. However, in the present study, the differences in expandability of mortar specimens shown in Figs. 3 and 4 could not be explained by the expansion due to water absorption, since almost no difference was found in the porosity of the mortar specimens.
Effect of phase composition on expansion characteristics
(1) Validity of the phase composition For the purposes of verifying the validity of the phase composition determined in the present study, the amount of combined water was estimated from the phase composition by referring to the previous researches (Maruyama and Igarashi 2014; Suda et al. 2015) . Using the molar weight of combined water, which is shown in Table 4 , and the amount of each hydration product determined by Rietveld analysis, the amount of combined water contained in each hydration product contained in the 11% RH dried sample in this study was calculated. Subsequently, by cumulating the amount of the combined water contained in each hydration product, the whole amount of the combined water in the 11% RH dried sample was determined. Figure 6 presents the relationship between the whole amount of the combined water determined using the phase composition as described above and the amount of the combined water measured by TGA. Because there is a good correlation between the two, the authors consider that the phase composition determined in the present study is reliable.
(2) Relation between the proportional length change and the phase composition Figure 7 provides the phase compositions of the cement paste samples at 2 d (after high temperature curing) and at 93 d (after water curing for 13 weeks). There was almost no gypsum in any sample at 93 d as well as in any sample at 2 d. This suggests that almost no gypsum as a secondary mineral was produced. The amounts of calcium hydroxide and C-S-H, which generate gypsum as the secondary mineral by reacting with sulfate ions, in the sample at 93 d also increased in comparison to that of in the sample at 2 d. It is believed that the expansion of the heat-cured mortar specimens is not due to the gypsum formed as a secondary mineral. Then, to investigate the change in the amount of ettringite, which is considered to cause expansion, the change in the amount of calcium aluminate hydrates was examined in the next section. Age (day) (c) F20 calcium aluminate hydrates such as ettringite. Figure 8 shows the phase compositions of the calcium aluminate hydrates in the cement paste samples at 2 d (after high temperature curing) and at 93 d (after water curing for 13 weeks). Most of the calcium aluminate hydrates was occupied by ettringite and C 4 AH 13 in any sample. The formation of monosulfate was not confirmed except for the specimens used BFS, and the amount of monosulfate in the samples used BFS at 93 d were slightly increased in comparison with the samples at 2 d. In addition, there was no monocarbonate in each sample. The amount of ettringite was increased with age in each sample. As mentioned in section 3.2, the expansion of the mortar specimens observed in this study was considered not to be due to the water absorption expansion came from the difference in the porosity. Therefore, it was considered that this increase in the amount of ettringite caused the expansion of mortar specimens. On the other hand, a large amount of ettringite was generated in the BFS mixed samples, which did not show continuous expansion (Fig. 4) , during water curing for 13 weeks. Thus, the expansion characteristics of the heat-cured mortar specimens could not be explained solely based on the change in the amount of ettringite.
(4) Origins of the ettringite formation Ettringite has the composition 3CaO·Al 2 O 3 ·3CaSO 4 ·32H 2 O and contains Al, which is supplied from C 3 A and C 4 AF comprised in cement, and from SCMs. In the present study, the amount of ettringite generated from cement or each SCM in the specimens respectively, was calculated using the following equations.
.
where Ett Cem is the proportion of ettringite generated from cement (%), Ett SCM is the proportion of ettringite generated from each SCM (%), Al Cem is the amount of Al supplied from cement (mol), Al SCM is the amount of Al supplied from each SCM (mol) and Ett is the proportion of ettringite determined by Rietveld analysis (%). Al Cem and Al SCM were determined based on the reaction ratios of cement and each SCM. When the proportions of ettringite generated from cement and from each SCM were calculated, the authors considered that DEF does not occur from other calcium aluminate hydrates. In other words, it was assumed that Al consumed in DEF was supplied only from cement (C 3 A and C 4 AF) and SCMs. Because almost no monosulfate was formed in the samples that showed relatively high expandability (Figs. 3 and 8) and the amount of other calcium aluminate hydrates in the samples at 93 d was not decreased in comparison with the samples at 2 d, this assumption is thought to be valid. Figure 9 provides the amounts of ettringite generated from cement and SCMs in the samples at 2 d (after high temperature curing) and at 93 d (after water curing for 13 weeks). Regarding A, S4, F20 and F20-S4, which showed continuous expansion during water curing, the amounts of ettringite derived from cement were increased in the samples at 2 d to 93 d, while the amounts of ettringite generated from SCMs were slightly increased. In terms of B40, B70 and B70-L10, which were not showed continuous expansion during water curing, most of the increased amounts of ettringite were generated from SCMs. Age (day) (c) F20
Age (day)
Age (day) (e) B40 93 d. A certain correlation is evident. These results demonstrate that origins of ettringite formation or coexisting materials such as C-S-H phase can affect expansion characteristics due to ettringite formation. Thus, it is considered that ettringite, which is formed around a dense structure of C-S-H generated from cement, has a high expandability. In future, it would be helpful to investigate the effect of the origins of ettringite formation on the expansion characteristics due to ettringite formation using C-S-H having different C/S ratios.
Conclusions
The purpose of this study was to investigate experimentally the effects of the origins of ettringite formation on the expansion characteristics of heat-cured mortar specimens. The specimens using ordinary portland cement, SCMs and anhydrite were cured at high temperature and stored in water at 20°C. After the high temperature curing and the water curing, the proportional change in length of the mortar specimens and the phase compositions of the paste specimens were acquired. The conclusions derived from this study can be summarized as follows.
(1) The proportional change in length of the specimen using cement and anhydrite is increased continuously during water curing. The proportional change in length of the specimen using cement, SF and FA is also increased continuously, while the proportional change in length of the specimen using cement, BFS and LSP are not increased for 28 weeks. (2) The expansion characteristics of mortar specimens cannot be explained solely based on the change in the amount of ettringite, gypsum or other calcium aluminate hydrates. (3) There is a certain correlation between the amount of ettringite generated from cement and the proportional change in length. These results suggest that origins of ettringite formation or coexisting materials such as C-S-H phase can affect expansion characteristics due to ettringite formation. Increase in the amount of ettringite generated from cement between 2d to 93d (mass%) Proportional change in length at 93d (%) Fig. 10 Relationship between the increase in the amount of ettringite generated from cement and the proportional change in length of mortar specimens.
